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SPACECRAFT ATTITUDE CONTRO1.  1.JS3NG  STAR FJE1.D
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ABS3’RACT

‘l’his paper describes a “maturing’> class of attitude sensors used to determine spacecraft
attitude with respect to the cclcstial  sphere. Iluring the past fifteen years, the design direction
of attitude sensors has turned towards star field trackers and away from single-star trackers.
“1’hc focus of this paper is on the description of the principles of operation and processes by
which these star field trackers rccogni~,c  and track a desired star field.

1. lN-l’ROl)UCTION

‘1’o maintain a hcal[hy space program
within current budgetary constraints, the
American National Aeronautics and Space
Administration (NASA) has mandated that
the design direction of space equipment
and spacecraft must change. ‘l’he, total
costs of a space program, including the
mission opera t ions  cos ts ,  must  he
drastically reduced. To achicvc this goal,
the  fo l lowing was rccommcndcd:
llquipmcnt  and spacecraft must be made
smaller-- by an order of magnitude- [o
rcducc  launch costs which arc very wcight-
dcpcndcnt. Chidancc equipment, scientific
instruments, and spacecraft bus systems
must be made autonomous so that no, or
very little, control is nccdcd from the
ground. Since mission operations
pcrsonnc]  costs on a long-duration mission
can equal the space project  design and
launch costs, autonomous operation is an
imporlant  goal. Also, where possible,
equipment should be multi-purpose serving
a spacecraft control function and a
scientific function, or several scientific
functions.

As bcncficiarics  of the advances in
computer technology and clcclronic
lllicrolllilli  aluri~,atiol], attitude sensor
systcm designers have been able to meet
al] of the NASA goals. Weight and
volume of present attitude sensors have
been reduced by mm-c than an order of
magnitude and arc continuing to bc
reduced as CXDS and other solid-sta[c
.wnsors bccomc more and more cfficicnt  in
detecting energy. Reliability has incrcasc.d

pr imar i ly  through the  usc of n~ass-
produccd intcgr-atcd circuits, reducing the
parts  count in reliability calculations.
Through the usc of modern spacecraft
computers with huge memories and with
new star field recognition algorithms and
programs, autonomous guidance and
attitude control operation has been
achieved.

2. J3ACKGR0UNl)

In the 1960s and 70s, most spacecraft
attitude knowledge and control came from
the usc c)f sun trackers and star trackers.
Just about all of these attitude sensing
(icviccs used phommultip]icr tubes, ima~;c
dissectors, and phototubcs  as the star
sensor. Requiring high voltage supplies to
operate, requiring special packaging and
mounting U3 protect the glass cnvc]opcs  of
these tubes,  and having no energy
integrating capability, these dcviccs were
far from ideal, but they were the best
available at the time. DUC to the difficulty
of containing high voltage in Space and
preventing arcing, and the difficulty in
packaging these glass-cnvclopc  tubes so
they would not crack or break during
launch, instruments using these tubes had a
lower reliability figure than almost all of
the other electronics instruments and
Systems.

III the early 1970s, charge-coupled
devices (CCDS) were invented. At JP1.,
the dcvc]opmcnt  of spacecraft star trackers
and optics] navigation dcviccs  using CCIX
as the sensor, bc an in the mid 1970s. In

F1 9 7 s ,  W .  Goss of J1’1, dcscribcd  t h e
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advantage CCD trackers should have over
image-dissector star trackers, the
predominant type of tracker at that time.
Goss identified the outstanding advantages
of CCD sensors: dimensional stability,
geometric and photometric linearity, high
c]uantum efficiency and signal integrating
ability, providing intrinsically high signal-
to-noise ratio, usc of low operating
voltages, small size, and insensitivity to
magnet ic  f ie lds . All of these
characteristics could contribute to a smaller
tracker which could measure and track
astronomical objects with more accuracy
than the presently used large inlagc-
disscctor trackers. I;ar]y brcadboarding of
(XD trackers at JPL2 and elsewhere
demonstrated the superior pointing
accuracies that could be achieved with
CCD sensors, with calibration accuracies
approaching 1/1 00th of a pixel.

in the early 1980s,  an Advanced Star
and Target Refcrcncc  optical Sensor
(ASTROS)  was proposed by Dr. Richard
11. S t a n t o n  of the Jet P r o p u l s i o n
1.aboratory  (JPI .)3. ‘l’he goal was to build a
complete star tracking system using a CC])
as the sensing clement to verify the
s u p e r i o r i t y  of the CCD over imagc-
disscctor trackers. 1.ooking ahead to all of
the future space missions in which JPl, was
involved, and the mission-unique
requirements that would be placed on an
atti[ude  control and tracking sensor, it was
dccidccl  to develop an instrument which
could track a star field as well as a single
star. in many missions, it is difficult to
know, initially, the spacccraf(’s at(iiudc  in
space with respect to the celestial sphere,
by looking at only one star. Star
magnitude alone is not a dependable means
of rccogni~,ing  most stars. A star field is
f a r  more  easily rccogniz.ed  a n d  h a s
relationships, such as angular separation
between stars as well as individual
magnitudes, that make the star field mom
unique. Also, tracking the positions of
several stars is inherently more accurate.
than tracking the position of a single star.
‘1’hc image of a single  star can cause larger
pointing crrc)rs than the average pointing
error of several star images in various areas
of the field of view. Also, looking towards
the future, rccogniz.ing  star fields gives the
capability for autonomous attitude control,

almost impossible when tracking only one
star.

Recognizing a star field, when looking
at a portion of the celestial sphere with
dozens  of stars, is not easy. Tracking
many stars and generating signals
representing the error between where they
arc imaged and where they arc desired to
bc irnagcd, requires very special logic.
When rccognizcd, special algorithms arc
required to find the ccntroids  of the star
images. ‘1’hc J2000, or some other
coordinate system, of the position vectors
of the star images must be known to
determine spacecraft attitude. All of these
operations involve an instrument far rnorc
complex than the “simple” star trackers
used in the past for spacecraft attitude
determination. The problem is to design
such an instrument which is ultra-reliable,
small, low powered, lightweight, and has
the memory and logic to perform all of the
functions described above.

4. S01 .lJT1ONS

Most star field trackers today  arc video
cameras with CCD sensors and with
computers to perform control, recognition,
tracking, and attitude determination. ‘l’he
video output from the camera is digiti~cd
and goes to a special purpose or spacecraft
central computer. Computer programs,
through video thrcsholding schemes, limit
the nurnbcr  of stars in a field that will be
proccssc(i. Stored in the computer memory
is a star catalog with the celestial
coordinates of each star, in some rcfcrcncc
system, that will be used for star field
recognition. The angular distances and
other parameters describing the stellar
relationships arc stored also. When a star
ficl(i is imaged, its angular relationships
and identifying parameters arc computed
and compared to the data base in the star
catalog. When there is a match, the
computer outputs the celestial sphere
coor(iinatcs  of the spacecraft attitude.

l’hc development of star field trackers is
given by describing three “solutions,” from
one of the first to fly to the most current.
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5. ASTROS STAR TRACKER (AS-l’)

v-he AST that was built  at JPL had the
performance charactcris[ics  shown in
“1’able 1. The first usc of the AST was cm
(he Space Shuttle as part of the Astro
missions for ultraviolet astronomy. The
AS-J’ was part of the Astro Mission lmagc
Motion Compensation Systcm (lMCS).
I’his systcm stabilized the target  images of
IWO of the three tclcscopcs  by sending
error signals to movable mirrors in the
optical paths of the telescopes. The three
tclcscopcs and the AST were moun(cd  on
an lJnagc. Pointing Systcm  (l}>S) gimbalcd
pliltf[)llll which bad its own star trackers,
called the optical Sensor Package (OSP),
fc)r acquisition and tracking.

“1’hc design of the AST was driven by
lhc rcquircmcnt 10 make image
displaccmcn(  mcasurcmcnt  to  sub-arc
srxond  accuracy. “1’hc field of view was
Jll:ldC sma]] to illCrCaS~  (])c A S T  :iJI~lJ]:lJ’
sensitivity. As a conscqucncc, the apcr[urc
was made klrgc, lo(hnm,  to have cnoLJgh
]igh[ collection abili[y 10 sense a very large
raugc of star magnitudes so there would
alw;iys  bc at least one star in the small field
of view no matter where the AS1’ was
poinling. Since lllC~hillliCal  stability was
absolulc]y  essential over the varying
ambient [cmpcraturc range of the shu[(]c
fligh[, Jnvar w a s L]scd liberally in the
op[ics-CC1l  housing. Elcclric hctilcrs  and
a thcrmoclcc[ric  cooler were used also,

all to minimize the effects of tcmpcraturc
cbangcs.  l“hough  heavy and power hungry,
all of these design features worked very
W C]] and the AST performance met its
stability rcquircmcnts.

The 11’S was aimed at the desired star
fields by the on-boarc! astronauts entering a
target catalog identification number. The
catalog entry contained the celestial
coordinates of the target. Using
the IPS gyros as incrlial  rcfcrcncc, the lPS
was pointed at the target position. ‘1’hc
OSP reduced the target position error to
less than 10 arc seconds.

To acc]uirc up to three guide stars, the
AS-J’ scans its field of view, dc[crminc(l by
the lPS pointing direction, at each of 16
threshold ICVCIS  available, starting with the
highest. A programmed signal integration
time for the CCD, related to the signal
lCVCI  of the brightest star imaged, is
sclcctcd  10 optimize the star. posit ion
measurement accuracy. The guide star
brightness magnitudes can range from -().8
to beyond 8.2, though in any onc frame,
the brightness ratio of the brightesl to the.
dimmest stars tracked has to bc within 2.S
magnitudes of each other, or a 10:1
brightness range, or the CCII  pixel WC1]S
will saturate on bright stars if the threshold
level-integration time is set to acquire dim
stars.

Tbc computer software repeats this
scanning proccdurc using the next lower
threshold ICVC1 and its associated longer

‘1’al)le 1. AS’1’ROS  Star ‘J’racker  Characteristics and Performance
l’nrametcr Characteristic or l’erformance

Aperture 100 I1UII
IJocal 1 .Cngth 250nNn
l;icld  of View 2.2 x 3.5 l)cgrccs
S[c]lar Scnsilivity -0.8 to> 8.2 h’fv
Scllwr RCA SIIJ 501 CCD
l;onna( 5]2  X 320 piXCiS

l’ixcl  Size 30/1 m Square (24.7x 24.7 arc sec.)
LJpdaic Ram 1 } Iz Nominal
Nunlbcr of Stars Tracked lJp m 3
Noise l:quivalcnt  Angle 0.3 arc sec. la (Ilrigh[cst  star in 1’OV)
X-Y Axis Accuracy 0.5 arc sec. 10
Roll Axis Accuracy Not Applicable
Sn~allcsL Sensed Posilion  MovcIncnt 0.02 Pixc]
Mass 44 Kg
l’owcr 54 W (I;xcluding  IIcatcrs)

l.ifc[imc Not Applicable
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integration times permits acquisition of the
brig, htcst stars in the field of view. The
coordinates of the three brightest guide
stars arc  stored a n d  [he o p t i m u m
integration time. Repeated usc of this
function with varying threshold levels and
integration time is determined by the
computer.

The measured positions of the guide
stars arc displayed on Lhc AST field of
view moni[ors in the Mission operations
Control Center and in the Shuttle. A
“Starvicw”  p r o g r a m  d i s p l a y s  t h e
programmed star field around the desired
astronomical target on the same monitor as
the guide  stars. Using manual conlrols,  the
astronaut moves the IPS so that the two
displays, one actual and one programmed,
arc, coincident, achieving final target
acquisition.

“1’o track, the ASI’ computer locates a
5x5 pixel window around each guide star
in its field of view. Figure 1, shows how
ihc field of view scanning is done to
maximize the signal-to-noise ratio of the
slar position measurement.

The star ccntroid-findirlg  algorithm,
Iogclher with high performance optics and
a uniform CCD, arc very important in
achieving the high accuracy of the AS]’. A
number of algorithms were considered for
implcmcntation4. A  l i n e a r  ccntroid
algorithm approach with an additive
correction term based on sub-pixel position
was chosml  because of its accuracy and
case of implementation in assembly code.
‘l”hc algorithm* is implemented with two
onc-dimcnsiona]  first-moment compu-
tations (hat yield x and y ccntroid
cs[imates, which arc then corrected for the
image shape by functions f(x) and g(y).
I;or each star tracked, a 5x5 pixel window
of intcnsily  va lues  S(I,J), c e n t e r e d
approximately on the star image, is
digitized and stored. A back-ground value,
B, the average of the ten lowest pixel
val LIcs on the edge of the winclow, is
s~]btriic(cd from each pixel V;IIUC:

1>(1, J) = max[S(I,J) -- B,()] (1)
-...——— ____ ——

● ‘I”hc algoridlm dcscribc(t  here was dcvclopd by
James W. Alexander of JPL. I& dcscrip[ion  is
(akcn from “OpLiCal ‘1’racking Using Chargc-
Gmplcd  lkviccs,” Optical Engineering 26(9) 93(L
938 (Scp[.  1987).

[

THREE LINES IMMEDIATELY ABOVE
WINDOW CLOCKED AT SLOW RATE
(12 ps/pixel)
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pixel DATA FROM TRACK WINDOW
GUARD BANDS (8x 5) 40ps/pixel
DISCAF{DED

L. LINES CONTAINING  wJINDow

DATA CLOCKED AT 12~Is@ixel

Figure 1. AST Track Windows. While
tracking stars, only three 5x5 pixel windows
of CCD data are converted and stored. To
stabilize the video output, the fast scanning
is halted three pixels before the window is.
encountered (guard bands).

The uncorrected ccntroid  position (x,y) is
calculated by:

Y=--~J~V>J), (4)
JI

1=
J=
s=
11 =

D=

w=

column number = x coordinate
line number = y coordinate
intensity value of a pixel
background intcrrsity or threshold
level
inlcnsity  value of a pixel above the
background or threshold level
sum of the net intensities in the
mcasurcmcnt array

where x and y arc measured from the
center of the 5x5 array. Since the actual
distribution of light within the focused star
image differs from the ideal clue to
impcrfccl  optics, a linear motion of a star
across a single pixel will produce, in
general, a nonlinear ccntroid output from
Equations (3) and (4), such as illustrated in
Figure  2 . “1’hcsc non-] incaritics,  in
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Figure 2. Centroid  Deviations. Typical
deviations of the uncorrected centroid from
linearity for several column coordinates on
a single line across the CCD. These error
functions, sampled at 16 discrete points
across the pixel, become the correction
term f(x) in Eq. (5).

princii>]c,  can bc eliminated by subtracting
Onc (iimcnsional  corrcc[ion  func(io]]s,  f al)d
g, in the form:

x’ = x -- f(x),
(5)

y’= y - g(y).

]:unc[ions  f and g w e r e  o b t a i n e d  b y
performing cx[cnsivc  calibration. “1’hc
ca]ibr’ation sbowc(i ti]al  f(x) and g(y) vary
slowly over li]c ficlci as ti]c image shape
varies an(i that tilcy have rnagrritudcs  of
icss ti)an 1/20 pixci.

‘1’i~c AS’1’ and i ts  unique cornputcr
soflwarc  were a successful pioneering
cfforl. ‘l-hc pc]formatlcc  on the Astro- 1
an{i As t ro -2  Shut(lc  ftights  complctciy
va]i(iatc(i the usc of CCIIS as the star
tracker sensor of ci~oicc.  ‘J’racking on
s[nr fields of up to [hrcc s[ars proved more
accurate than tracking on a sing]c s(ar. lhc
usc of scicctablc rnagnitudc  ti]rcsiloids and
intcgra[ion  t i m e s  allowc(i  scpartiting
trackab]c stars from all of Ihc stars imaged
in tile ficl(i of view, allowed tracking stars
over a very large magnitude range, and
~avc  tile AS”]’ trcmcn(ious  freedom to fiJl(i
s[ars no mal[cr where it was pointing. in
ti)c (racking rno(ic, the usc of tracking
win(iows allowed fi~stcr  image readout

times witi} tracking errors ICSS than 0.5 arc
scc I 0, cc]uivalcnt  to 0.02 pixel.

6. S1llLLAR REFERENCE UNIT (SRU)

‘J”his star field tracker provides the
prime attitude information for the Cassini
mission to Saturn, duc to bc launcilcd  in
Octobcr 1997. Using a central spacecraft
compu[cr  which controls the SRU an(i
otbcr spacecraft dcviccs and functions, a
program which [iocs star magnitude
Ihrcsholding  to limit the sensed field of
v i e w  t o  tbc brigiltcst  stars, an(i using
tracking widows and ccntroiding, the SRi_J
and its computer software perform
autonomous star identification over the
entire cclcstial  sphere and provide a thrcc-
axis attitude reference to the Cassini
spacecraft. ‘1’iw SRU was designed an(i
built  by Officinc Galileo of Florence, llaly,
under a contract with JPL. “J’hc SRU
characteristics and performance.
rcquircmcnts  arc showJ) in Table 2. A
good description of the (;assini  SRU
tracking and icicntification  architecture and
of its performance test rcsuits arc given in
ti]c rcfcrcnccs “G.

‘J’}lc dcsigtl rcquircmcnts  for tile SRU
were low mass, low power, and functional
capability--to autonomously acquire and
rccognizc star fields. With a 15 dcgrcc  full
cone angle field of view tc) cncornpass a
reasonably-sizcct star field for rccogni[ion,
a smal]cr apcr[urc was nccdcd  to ensure
sensitivity sufficicn[  10 track stars at visual
Jnagnitudcs  of 6.05 or brighter anti
guarantee that at least two stars ti~at  can bc
used for full n~casurcrncnt  performance
will always bc in ti]c field of view.

The SRU is, basically, a con)mandab]c
star camera that provides raw pixel data to
[hc central spacecraft computer. Special
software is rcquirc(i  to convcrl the pixel
(iata into star positions. Since the SRU is
not on a rnanncci platform, like (hc ASI”
wbcn it fiics on the Shutt]c, it must identify
its pointing direction witi]out  i~urnan
intervention. “J’o do this initially, after
spacecraft separation from tile ‘J’itan
IV/Centaur launch vchiclc,  an attitude
initia]iz.ation  mode is used. A spacecraft
sun tracker provi(ics a known rcfcrcncc
axis. After tile sun tracker acquires ti)c
suJ~, the SR1.J must only rcco~niz,c  star
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Table 2. S1/[1 Characteristics and l’erfrmnance  Requirements
]’ar-ameter Characteristic or l’crformance
Apcrlurc 26. 13mm
l%G)I 1 .Cngrh ~6.Omm
l;icld of View 15 Dcgrccs I:ull Ccmc Angle
Slcllar Scnsitivi(y >6 Mv
Sensor I,oral Cassini, 3 phase CCD
l;ormal 1024 x 1024 Pixels
Pixel Size 12 p m Square (54.3 x 54.3 arc SCC.)
Updalc Ram 2104 }17. (commamtablc)
Number of S[ars Tracked LJp(05
Noise l~uivalcn[  Angie <2 arc sec. 10 (I)immcr stars in IOV)
X-Y Axis Accuracy 4 arc sec. 10
Roll Axis Accur:icy 70 arc SCC. lcr
Smal]cst Sensed Posi[ion Movcmcn[ 0.1 l’ixcl
Mass
]’owcr

< 10Kg
< 1 2 W

1 .ifclimc 12 years in space & 21/2 years tcsling

SUN
-~.

NOMINAL SUN
DIRECTION AND

WOFRT  CASE

+

UNCEF\TAINl  Y
OORESIG}{T CONE
UNCEF{TAINIY  IN

R:)D(REcT’0%z77  “k’

STAR SEARCH
SIFllFI  FROM
CATALOG WI.

Figure 3. Star search region

Iiclds in a circular slrip, as il]uslratcd in
l;iguw 3. ‘1’his allows the software in lhc
ccnlral computer to compare all circular
strip star pairs in the computer memory 10
sensed pairs, using ang]c separation
bctwccn  pairs to rccogniz,c a slar field.
‘1’hc.  process is as shown in Figure 4.

Oncc initial s(ar field identification is
made, lhc computer soflwarc maintains the
a[titudc  posit ion qualcrnion  and rate
vectors and the att i tude unccr[ain[y
throughout the spacccraf[  trajcc[ory. No
longer “lc)sl  in space,” lhc spacecraft can
bc commanded to turn from onc star field
[0 another of interest using a minimum of
s[orcd star fields and reducing the size and
complexity of the star field recognition
prc)gram.  The star  catalog, lirnitcd to
25,()()0 words, contains s(ar posi(ion in
J2000  vectors and star color, rn:ignitudc,

and usability flags. 4000 stars have to bc
stored in the on-board slar catalog.

When the spacecraft is commanded to
turn from one star field of interest to
another, the software sets up track
windows (up [o 5) in the locations on the
CCD foctil plane where the ncw stars arc
cxpcc[cd  to appear. I’hc size and shape of
the track windows arc variable and alc
made larger in the direction where (he
pointing uncertainty is greatest. When the
[urn is made, the stars of the ncw star field
appear somewhere in their rcspcctivc track
windows. A  ccntroiding  algoritbln
:iccuratcly locates the star positions and
ccntcrs the track windows on their
cnc]oscd  stars. The imaged star positions
are compared with the stored ca[alog of
star positions and a dc]ta correction LO Lhc
pointing dircclion  of the spacecraft is made
to bring the two into coincidence.

If during the mission, the attitude
unccr[ainty  has become so ]argc that a s[ar
field cannot be rccognizcd,  the software
goes back (o the attitude initialimtiorr
mode. The sun tracker finds the sun, the
spacecraft is rotated so ils roll axis is
poin[cd toward the sun, and the SI<U
recognizes an initialization star field,
determining the spacecraft a(titudc. ‘1’hc
spacecraft is then turned to point the SRIJ
at the star field it had missed earlier.

The SRIJ design takes advantage of
current CCD technology. The SRU CCII
is fabric ate.d with Multi-Pinned P}]asc
(MPP) technology to reduce dark current
gcncratcd  at the CCD silicon-silicon oxide
intcrfacc. I lowcvcr, the M1’P intcgra[ion
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proccdurc is not compatible with the allow
tracking both very dim und very bright
stars (though not in the same frame) and
achicvc  the most accurate tracking in either
Case.
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Figure 4. Star Search Region Around Sun
Tracker Axis Sunline. Initial Acquisition is
done by the following operations:
1. Scan SRU field of view. Do star image
magnitude thresh olding. output to
computer a list of star image pixel locations
and magnitudes.
2. Compute distances (angles) between
star image pairs: M,.z, M ,., M,q, etc.
3 Sequentially order the first star, second
star, etc. based on clock angle, from the
star catalog.
4. Compute sequentially a set of star pair
distances from the first star in the star
catalog to all other stars in the catalog that
can possibly appear in the field of view.
5. Compare the set of star pair distances
from the catalog stars with the star pair
distances measured from the field of view
star images.
6. If there are not at least three matching
stars, repeat the procedure with the next
catalog star. Compute the catalog star pair
distances and compare with the measured
set from the field of view.
7. Eventually, a unique four or more star
match is made.
8. Use the celestial sphere coordinates of
the matched catalog stars to determine
spacecraft attitude.
9. Process spacecraft attitude in computer
and command spacecraft to turn to desired
attitude from initial attitude . Begin Track
Mode.

“1’hc SRIJ op(ica]  sys(ctn  is designed to
pI”oducc an abcrra[cd  point spread function
of a s[ar image which has a spot size larger
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than onc pixel (o allow a ccntroiding
algorithm to find the star ccn[cr.

By using a ccnlroiding  algorithm similar
to the onc dcscribcd in the ASTROS Star
Tracker (AS’]’), as W C]] as a more
sophisticated version of [hc track window
[cchniquc  o f  t h e  AS1’, s t a r  ccntroid
position shif[s of 1/10 pixel can bc sensed.
‘1’o[a] SRU pointing error,  including
ccn[roiding  error, gcornctric  distortion, and
noise equivalent angle, is lCSS than 22 prad
(4.5 arc see) 10, or 65 prad (19.5 arc SCC)
30.

7. 01< S”11;1)  ADVANCI;D S’l”IH,l.AR
COMPASS (ASC)

Dcnrnrrrk  is developing a geomagnetic
research satellite, called Orstcd,  to study
t h e  IJarth’s  rnagnc[ic  f i e l d  a n d  i t s
in(cractior]s  with the magnctosphcrc. The
scicncc objcclivcs  c a l l  f o r  a c c u r a t e
absolu te  measurcrncnts  of the Iiarth’s
milgnc[ic Iicld magniludc  a n d  vcclor
components, and [hc distribution functions
of cncrgctic  charged particles along lhc
satclli[c’s  orbi[. To accomplish these
objcctivcs, the satcllitc>s a[titucic must bc
known continuously to a very high
accuracy. 3’0 achieve this attitude
knowlc(lgc accuracy, a star field tracker
has been designed and built by a group
from the I>cpartrncnt of Automat ion ,
‘1’cchnical  LJnivcrsi[y of Ilcnmark.  Called
the @rstcd  Advanced Stellar Compass
(ASC),  it is small, light weigh[,  sclf-
containcd  with its own JrlicrocoIll])LllcI’,”  and
very accura[c. 11s characteristics and
pcrlormancc  rcc]uircrncnls  arc shown in
‘1’able 3.

“1’o initially identify a star fic]d, (I1c ASC
is designed 10 process up to 200 star
irnagcs in its field of view. ‘1’hc ASC
images only stars whose signals arc above
a  thrcsho]d  ]cvcl, p r e s e t  10 scrccn OL][
systcm and background noise. During
dcvcloprncn[  of lhc star fic]d rc.cognition
system,’ i t  w a s  dctcrrnincd  t h a t  [hc
rnaximurn  number of s[ars available for
imaging in any onc pc)ssib]c fic]d of view
was approximatc]y 200,” given lhc optical
apcr[urc  size and the threshold ICVC1
sc[ting.  in the typical field of view about
65 stars would bc available for imaging.
l’hcrcforc,  the cornpu[cr  program was
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‘J’ahIc 3. @steal ASC Characteristics and l’erformancc
l’aramcter Characteristic or Performance
Apcrrure 23.2111111
1 ‘Ocal 1 ,Cngrh 16null
l’icld of View 16 x22 l]cgfCCS
Stclkw Sensitivity 6 M. or Drightcr
Sensor Sony ICX039D1.A (XX>
Format 582 x 752 Pixels
l’ixcl Si74c 8.3 x 8.6pm (99x 105 arc SW)
lJp(tatc Rate 11174
Number of Slars Tracked 65 Typical
Noise l~uivalcn(  Angle 1.2 arc sec. nns, onc axis
X-Y Axis Accuracy 1.5 arc sec. rms, onc axis
1<?11 Axis Accuracy 13 arc sec. rms
SnmllcsL Sensed l’osi[ion  Movcn~cnL O.11’ixcl
Mass
Power

<3Kg includi]]g  co]nputcr
<6W

I.ifclinlc >1 Year

dcvclopcd  to analyz,c  up to 200 star irnagcs
and their relationships in any onc field of
view, if required.

“1’o idcn[ify  the stars imaged  in a field of
view, a catalog of [hc 2200 brightest stars
is stored in the ASC microcomputer
memory. l:or each star, its data base entry
includes the distances to its two nearest
stars and the angle forlncd bctwccn the
vector-s from the star to its two nearby
ncigbbors.

‘1’o pcr[orm initial identification with no
ii priori knowledge of the auitudc of the
spacecraft, a star field is irnagcd  and the
distances bclwccn  each imaged star and its
two nearest ncighhors  i s  computed .
obviously, the distance bctwccn the two
ncarcs[  neighbors is available and is
compu[c(i also. Ilaving  computed the
dislanccs  of [hc in i t ia l  s ta r  [o its two
nearest neighbors, and the distance
bctwccn [hc neighbors, the three sides of a
h-iang]c arc known. 1 lowcvcr, the stars arc
considered as being located on a sphere,
the cclcstia]  sphere ,  and spher ica l
trigonc)rnctt-y is USC(I to find [hc included
ang]c.  I’hcrcfore,  the unglc, A, bctwccn
(11c vcclors of the initial st:ir 10 its two
nearest ncig}~bors  is computed using [bc
basic  spherical tri~onomctry l a w  o f
cosines:

(h a = cos n, Cos n2 + Sin n, Sin 112 CoS A

cm a - Cos n, Cos n,
COSA= .—. ——.. .—.——  . .

SIn n, Sm n, ‘“

Where the following is measured from the
imaged star field, with the ASC at the vertex:

a = angle from N1 to N2
n , = angle  from N2 to A
n~ -- angle from A to N,

The  gcmnctry  is as showJl in ]:igurc 5.

];or each bright  star in the field of view,
a search is made in the data base for
matching triplet values; distance to
ncighhor  1,  distance to neighbor 2,
included angle, to identify the s(ar. With
many stars in the field of view, typically
65, there will bc enough measured lriplcts
values matching with storccl  triplet values
to positively identify the smr field and the
coarse at[itudc of the spaccctaft.

I;ach star has many triplets associated
with it to stars other then the two nearest
neighbors. if the nearest ncighhors  arc not
bright stars and arc C1OSC to the threshold
ICVCI, tbcy may not bc sensed. Thcrcforc,
triplets arc stored in the database to form
triangles such as A-N1-N3,  A-NZ-N3, A-Nl-
Nd, and A-Nz-Nd,  etc. This involves a large
data base of approximately 220,000 entries
and requires 1.2 megabytes of memory.
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Figure 5. Star Triplet. Stars in the field of
view are sensed. In this example, the
angles (distances) from star A to its nearest
neighbors, N1 and Nz, are calculated. The
angle (distance) between N, and NZ$, a, is
calculated also. Using the spherical
trigonometry Cosine Law, the included
angle A is calculated. The calculated
triplet, n,, nz, and angle A, is compared to
stored triplet values for a match. In one
field of view, there will be many triplets.

once ini[ia] acquisition is made and Lhc
coarse al(itudc  is known, the ASC progriim
goes into its tracking mode. “1’racking
invo]vcs rotating lhc spacecraft from the
now known inilial  acquisition attitude to
the desired atlitudc.  I;or tracking, the star
ca ta log  holds  the  right a s c e n s i o n ,
declination, :ind magnitude of 11,000 stars.
(’1’lm 2200 bright stars arc the stars from
w h i c h  [hc [riplcts arc gcncra[cd  in [hc
initial acquisition mode). in the tracking
Illodc, the  s tored  pos i t ions  of the
programmed desired stars arc matched to
the positions of the imaged s[:irs af[cr
spacecraft rotation. ‘l-his is clone by a least
squares fit. Dis[ancc deviations bctwccn
Ihc corresponding stars arc calcula[cd  an(i
[IN lcas[ squares dcviaticm is used, with the
known cclcstial sphere coordinates of the
desired star field, [o compute the actual
a[titudc of the ASC and the spacecraft.
‘l”bc ASC continues to furnish very
accurate attitude knowledge to the f3rstcd
spacecraft while o[hcr dcviccs keep the
spacccraf[ oricn[cd properly, though at ICSS
accuracy. “1’hc  rcsu]l is a final attitude
kllowlcdgc  accuracy of 1.5 arc scc rms,

each axis, and a roll axis accuracy of 13
arc scc rms. Attitude update is available at
a 1 Ilz rate.

& DISCUSSION

Star field trackers have come a long
way since the mid 1980s. Rapidly
becoming the a(titudc sensor of choice,
they h a v e  t a k e n  o n  a  s t a n d a r d
configuration: video camera head with
CCD sensor and digitized video output,
computers for processing the digitiz.cd
video and furnishing the logic to make the
star field tracker func[ion, and software
programs to allow determining star field
tracker at(itudc and, thcrcforc, spacecraft
at[itudc.  With a solid-s[atc sensor at the
focal p]anc, moslly integrated circuits for
the electronics and computer, and no
moving parts,  star field trackers arc now as
rcliziblc as any other electronic instrument
on the spacccraf[.

Star field trackers have their own
unique rcquircmcnts. in all  cases
discussed, some kind of thrcsholding logic
is required to limit the stars that arc imaged
and WI1OSC positions and parameters mus[
bc stored in a computer memory. Some
algorithm must bc used LO identify star
field relationships, bc it pixel distance
bctwccn many star image pairs, triarlglcs
formed by many sets of three star image
pairs, or angle bctwccn distances from a
star image to its two nearby neighbors.
~uatcrnion  (hcory has coJnc into its realm
with star field trackers, since coordinate
axes must bc rotated by computation to
find the spacecraft attitude in a desired set
of coordinates.

Oncc tracking, (IIC spacecraft atti[udc is
monitored by the compu  tcr program every
second or two. If, for some. reason, attitude.
information is lost and is no longer being
outputted (spacecraft power turned off to
clear a fault, or a cclcstial body in the field
of view, etc. ) and this condition has not
been programmed, the computer program
commands the star field tracker to go to the
atti[udc  initialization mode, find the.
attitude and d]cn cause the spacecraft to bc
rotated to the desired at[itudc. ‘1.bus>
autonomous operation using star field
trackers, is obtained.
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With rnorc computer and memory
power available, the trend is LO process
more and more stars in a field of view to
obtain rnorc pointing accuracy. A good
ru]c of thumb is:

lirrcJr of optical axis attitude =-

.~!~c)r  of singwar  measurernem

{N~~mber  of stars matchrxi

Aside from using a lar~c number of
sKlrs  to match, as ~bc @rslcd  A d v a n c e d
Stellar Compass dots, performance can bc
improved by reducing the error of sing]c
slar mcasurcmcnts. IIcrc,  the [racking
windows of the star field trackers used on
J] ’l. spacecraft, a n d  t h e  ccn(roiding
algori thms used,  have show JI that these,
[cchniqucs  arc very cffcctivc  in helping
rcducc  the Iota] poinling  error.

Being dcvclopcd  at lhis time is a type of
focal plaJ)c  sensor called (I1c Ac[ivc l)ixcl
Sensor (AI} S)*9. “1’hc AI’S is clcrivcd  from
conlputcJ  microchip technology and has
pixel  arrays  and pixel  photon responses
like i] CCI). l~ach  pixel, however, has its
OWll l“C2dOUt  illllplifiCr,  SO [111 Of thC pixels
do not h a v e  to bc r e a d  scqucn(ial]y.
]{cadout  CaJI occur on a desired pixc] by
pixc] basis. Wi(hin  lhc next fcw years,
AI’S dcviccs will bc utilized in star field
[Iackcrs to obmin grca[cr poin;il)g accuracy
by SpCJldiJ)~ I1101C time scanning just ttlc
pixels with sl;ir images aJId doing more
accurate ccntroiding.

As AI’S dcviccs  develop and allow
achicvinp,  higher signal to noise ratios,
optical apertures will bccomc smal]cr,
since less energy collection is nccdcd.
With smal]cr  optics and microcircuit
c]cctronics, much of it on the APS pixels,
star field trackers and their computers will
weigh only a fcw hundred grams. They
will bc ideal for controlling [hc attitu(lcs  of
small satcllitcslO.

]J1 coI)~unction with h a r d w a r e  a n d
sensor dcvclopmcnt, a large research effort
is in progress on developing software for
,:,::::, malching and image rccogni[ion”

At J]’L., the AUIOIIOJIIOLJS  Feature
and .Star “1’racking  (Al~AS-l’) program has

lAA-B-0503

been going on for several years. Its focus
involves developing ncw image processing
algorithms, (lcvclopi  Jlg Systems of
hardware and sof[warc to perform pattern
and image recognition, and developing
testing methods and test beds to verify the
performance capabilities of the algorithms
all.d systems being dcvc]opcd.  AI~AS-l’  and
similar programs will allow autonomous
exploration of planets, asteroids, and other
bodies by “rccogniz,ing’>  unique features of
these bodies ancl lhcn taking appropria(c
programmed action--photography, terrain
avoidance, or soil sampling. AFAST is
being designed to bc used on spacecraft
that fly by astronomic] objects of interest,
and on landers that travel on the surfaces
of these objects. For star field trackers, the
AI~AST research will provide more
algorithms and techniques for star field
recognition that will make these trackers
indispcnsab]c  fo r  autonomo  Lls  zrttitudc
knowledge aJ]d control, and indispcnsab]c
for autonomotJs  spacecraft scientific
exploration. In fact, lookin~ ahead, it
appears that the future. of star field tracking
design a n d  tint OJIOJIIOUS s p a c e c r a f t
opcra[ion b e l o n g s  t o  lbc sc)flwarc
cnginccrs.
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